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The expressional profile of mitochondrial transcripts and of genes involved in the mitochondrial biogenesis pathway induced by ALCAR daily
supplementation in soleus muscle of control and unloaded 3-month-old rats has been analyzed. It has been found that ALCAR treatment is able to
upregulate the expression level of mitochondrial transcripts (COX I, ATP6, ND6, 16 S rRNA) in both control and unloaded animals. Interestingly,
ALCAR feeding to unloaded rats resulted in the increase of transcript level for master factors involved in mitochondrial biogenesis (PGC-1α,
NRF-1, TFAM). It also prevented the unloading-induced downregulation of mRNA levels for kinases able to transduce metabolic (AMPK) and
neuronal stimuli (CaMKIIβ) into mitochondrial biogenesis. No significant effect on the expressional level of such genes was found in control
ALCAR-treated rats. In addition, ALCAR feeding was able to prevent the loss of mitochondrial protein content due to unloading condition.
Correlation analysis revealed a strong coordination in the expression of genes involved in mitochondrial biogenesis only in ALCAR-treated
suspended animals, supporting a differentiated effect of ALCAR treatment in relation to the loading state of the soleus muscle. In conclusions, we
demonstrated the ability of ALCAR supplementation to promote only in soleus muscle of hindlimb suspended rats an orchestrated expression of
genes involved in mitochondrial biogenesis, which might counteract the unloading-induced metabolic changes, preventing the loss of mito-
chondrial proteins.
© 2006 Elsevier B.V. All rights reserved.Keywords: Mitochondrial biogenesis; Gene expression; Soleus muscle; Unloading; Acetyl-L-carnitine1. Introduction
Skeletal muscle tissue may regulate its capacity for oxidative
phosphorylation and mitochondrial content according to changes
in energy demand [1,2]. Several factors have been described to
transduce hormonal, neuronal, environmental and metabolic sti-
muli into transcriptional adaptations leading to enhanced mito-
chondrial turnover and content in oxidative muscles (reviewed⁎ Corresponding author. Department of Biochemistry and Molecular Biology
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doi:10.1016/j.bbabio.2006.05.019in [3]). Modulation of muscle mitochondrial content is exerted
through the orchestrated expression of nuclear and mitochondrial
genomes [4]. The signaling pathways underlying this coordination
involve cytosolic protein kinases (AMP kinase, AMPK; calcium/
calmodulin-dependent kinases, CaMKs), nuclear receptors and
coactivators (peroxisome proliferator-activated receptors, PPARs;
peroxisome proliferator-activated receptor gamma coactivator-1,
PGC-1) and nuclear-encoded transcription factors acting in the
nucleus (nuclear respiratory factors, NRFs) or in mitochondria
(mitochondrial transcription factor A, TFAM) [5].
Soleus muscle is a postural, oxidative muscle that, in un-
loading conditions, showsmuscle fiber atrophywith selective loss
of myofibrils [6,7], change in fiber type composition (from type I
Table 1
Primer sequences used for Real Time quantitative reverse transcription PCR
Target mRNA GenBank
Accession #
Primer sequence
5′→3′
PCR product
size (bp)
Amplicon
Tm (°C)
CaMKIIβ M16112 FOR: CGG AGC GGT GGT CTG TCT 88 83
REV: CAA TGC AAG GAG GAA GCT CAA
AMPK NM_013010 FOR: CTA TGT GGC TCT GGG CAT CTT T 75 84
REV: ACC ACA CGC CCT TTC CTA TC
PGC-1α AB025784 FOR: ATG AAT GCA GCG GTC TTA GCA 96 79
REV: TGC TCC ATG AAT TCT CGG TCT T
NRF-1 U27700 FOR: CTT TCT GCC TCA GGT GGA ACA 75 81
REV: GAT GCT TGC GTC GTC TGG AT
TFAM AB377866 FOR: CAC CCA GAT GCA AAA GTT TCA G 89 77
REV: GCT TCA TAC ACC TTT TTT TCT GCT T
COX 1 NC_001665 FOR: GCA GGG ATA CCT CGT CGT TAC T 91 78
REV: CCG TAAGTG AGATGA ATG ACC CTA T
APT6 NC_001665 FOR: TAC CAC TCA GCT ATC TAT AAA CCT AAG CA 80 78
REV: AGT TTG TGT CGG AAG CCT AGA ATT
16S rRNA NC_001665 FOR: ATT GCC TGC CCA GTG ACT AAA 75 80
REV: AGG AAC AAG TGATTA TGC TAC CTT TG
ND6 NC_001665 FOR: TAA GCA CCC AAT ACA TCC ACT AAC A 80 77
REV: GTT GTC TAG GGT TGG CGT TGA
28S rRNA V01270 FOR: ATA TCC GCA GCA GGT CTC CAA 103 81
REV: GAG CCA ATC CTT ATC CCG AAG
Fig. 1. Mitochondrial protein content. Mitochondria were isolated and protein
content was measured as described in Materials and methods. The content of
mitochondrial proteins was normalized to soleus muscle weight. Results are
given as mean value±SE. n=7 per group. a=statistically significant difference
vs. control (Pb0.05); b=statistically significant difference vs. HS (Pb0.05).
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with respect to fatty acids as energy source, [9,10], reduced
oxidative capacity and reduced resistance to fatigue [9], increased
caspase-3 activity [11], oxidative stress [12]. Furthermore,
hindlimb suspension unloading results in the decrease of
mitochondrial content in both slow and fast muscles [13], in the
reduction of O2 consumption by intermyofibrillar mitochondria
[14], in the decreased activities of mitochondrial enzymes such as
cytochrome c oxidase, beta-hydroxyacyl CoA dehydrogenase,
citrate synthase [15]. Most of the contractile, metabolic and
cellular adaptations in rat soleus becomes manifest after 2 weeks
of hindlimb suspension unloading [16]. We reported previously
that mitochondrial DNA (mtDNA) content markedly decreased
(−60%) after 14 days of unloading in soleus of 15-month-old rats
[17]. The loss of mtDNA is in agreement with the reduced
oxidative capacity and the shift in fuel and fiber type composition
of the soleus upon unloading. The mtDNA depletion might
account also for the appearance of cytochrome c oxidase deficient
fibers found in the soleus muscles of 3- and 15-month-old rats
after 14 days of unloading [17].
Many of the physiological changes that take place in rat soleus
muscle during unloading conditions resemble those observed
during ageing [18,19] but accelerated [20].
Early work in our laboratory showed that acetyl-L-carnitine
(ALCAR) treatment was able to contrast in heart and brain of aged
rat, 3 h after administration, the decrease of mitochondrial tran-
scripts 12 S and COX I [21] and to increase the rate of mito-
chondrial RNA synthesis in the brain [22]. In addition, ALCAR
treatment was able to contrast in the synaptic mitochondria the age-
dependent decrease of the respiratory control index, due to an
enhanced state 4 respiration rate [23], to contrast in heart mito-
chondria the reduction of cardiolipin content, the alteration of
cholesterol/phospholipid ratio, the decrease of transport activity of
adenylic nucleotides, pyruvate, phosphate and acylcarnitines [24–26]. These findings have been supported by the observation of other
authors that ALCAR supplementation improved overall mitochon-
drial function and raised the ambulatory activity in both young and
old rats [27–29]. More recently, we reported that in soleus muscle
of aged rats, where an age-dependent decrease of mtDNA content
was observed [19], ALCAR dietary supplementation was able to
increase the content of TFAM, a protein involved in the control of
mtDNA transcription and replication [30].
The study here reported aimed to test the effects of daily
supplementation of a conditionally essential metabolite [31],
namely acetyl-L-carnitine (ALCAR), to control and unloaded
rats on the expression in soleus muscle of genes involved in
mitochondrial biogenesis. In particular, we analyzed, by
quantitative Real Time RT-PCR (qRT-PCR), the effect of
unloading and ALCAR feeding on the level of mitochondrial
mRNAs and of transcripts for master factors of the
1423P. Cassano et al. / Biochimica et Biophysica Acta 1757 (2006) 1421–1428mitochondrial biogenesis pathway (PGC-1α, NRF-1, TFAM)
and for two kinases of the neuronal (CaMKIIβ) and
metabolic (AMPK) stimuli axes [3]. The obtained results
showed that ALCAR supplementation triggers a coordinated
expression of genes involved in mitochondrial biogenesis,
particularly in unloaded animals, where it also prevents the
unloading-induced loss of mitochondrial proteins.
2. Materials and methods
2.1. Hindlimb suspension unloading and ALCAR supplementation
protocols
Four groups of 3-month-old female Wistar rats (n=7) were used. Animals
were housed in individual cages on a 12:12 light–dark cycle with free access to
standard chow. Two groups were unloaded by hindlimb suspension (HS) for
14 days; one of these was supplemented with ALCAR for 7 days before the
suspension and during the suspension time (respectively termed HS and HS+
ALCAR group). The other two groups acted as control, being both not
subjected to unloading and one of them treated with ALCAR for 21 days,
namely for the same treatment time of the HS+ALCAR group (respectively
termed C and ALCAR). A week of ALCAR pre-treatment before the beginning
of the suspension was used in order to adapt the animals to the ALCAR
supplementation.Fig. 2. Effect of ALCAR treatment and unloading condition on the expression of mi
qRT-PCR data on mitochondrial transcripts coded by H-(COX I, 16 S rRNA, ATP6) a
genes for proteins involved in the mitochondrial biogenesis. Results are given as mea
group (fixed as 1). n=7 per group. a=statistically significant difference vs. controlHindlimb soleus unloading was carried out by the tail-suspension model
according to the non-invasive procedure described by Morey-Holton [32].
Daily health examinations confirmed that the exposed tip of the tail remained
pink, indicating adequate blood flow. Suspended and non-suspended rats,
belonging to the HS+ALCAR and ALCAR groups, were allowed to drink ad
libitum a 1.5% (wt/vol; pH adjusted to 6.5) solution of ALCAR. No
difference in food and water assumption was noticed among the four
experimental groups. Rats typically drank ≈20 ml of ALCAR solution per
day, which would provide a daily dose of about 1.0 g/kg of body weight. At
the end of the HS and ALCAR administration protocol the rats were weighed,
anesthetized and the soleus muscles of both hindlimbs were excised, weighed
and stored in liquid nitrogen until analysis.
2.2. Preparation of soleus muscle mitochondria
Soleus muscle (25–30 mg) was dissected out and washed several times
with extraction buffer consisting of mannitol 220 mM, sucrose 70 mM, Tris–
HCl 10 mM and EDTA (disodium salt, pH 7.4) 1 mM at 4 °C. Muscle slices
were homogenized using Heidolph DIAX 900 homogenizer in this buffer,
centrifuged twice at 500×g for 5 min at 4 °C. The combined supernatants
were centrifuged at 8500×g for 10 min at 4 °C. The mitochondrial pellet was
resuspended in 0.5 ml of storage buffer (mannitol 75 mM, sucrose 25 mM,
KCl 100 mM, EDTA 0.2 mM, Tris 10 mM, potassium phosphate 5 mM and
defatted bovine serum albumin 1%, pH 7.4), used as an aliquot, and stored at
−80 °C. Mitochondrial protein content was calculated according to Bradford's
method.tochondrial genes and of nuclear genes related to mitochondrial biogenesis. (A)
nd L-strand (ND6) of mtDNA. (B) qRT-PCR data on transcripts coded by nuclear
n value±SE. The histogram reports the mRNA abundance relative to the control
(Pb0.05); b=statistically significant difference vs. HS (Pb0.01).
Table 2
Correlation analysis between 28 S-normalized mRNA levels for different factors
of mitochondrial biogenesis pathway and mitochondrial transcripts upon
ALCAR supplementation
AMPK PGC-
1α
NRF-
1
TFAM COX
1
ND6 16S
rRNA
ATP6
A. Effect of ALCAR feeding on control rats (n=7)
CAMKIIβ R 0.53 0.83 0.20 0.79 0.39 0.13 0.52 0.52
P ns * ns * ns ns ns ns
AMPK R 0.60 0.45 0.47 0.58 0.25 0.07 0.38
P ns ns ns ns ns ns ns
PGC-1α R 0.21 0.75 0.49 0.10 0.53 0.29
P ns * ns ns ns ns
NRF-1 R 0.43 0.55 0.39 0.62 0.54
P ns ns ns ns ns
TFAM R 0.61 0.34 0.41 0.28
P ns ns ns ns
COX 1 R 0.17 0.70 0.74
P ns * *
ND6 R 0.21 0.32
P ns ns
16S rRNA R 0.69
P *
B. Effect of ALCAR feeding on unloaded rats (n=7)
CAMKIIβ R 0.98 0.96 0.97 0.98 0.98 0.42 0.97 0.91
P *** *** *** *** *** ns *** ***
AMPK R 0.88 0.94 0.96 1.00 0.32 0.96 0.93
P ** ** *** *** ns *** **
PGC-1α R 0.90 0.96 0.88 0.54 0.90 0.79
P ** *** ** ns ** *
NRF-1 R 0.91 0.96 0.33 0.92 0.89
P *** *** ns ** **
TFAM R 0.95 0.51 0.96 0.88
P *** ns *** **
COX 1 R 0.29 0.96 0.94
P ns *** ***
ND6 R 0.51 0.41
P ns ns
16S rRNA R 0.97
P ***
R=correlation coefficiency; P=statistical significance *b0.05; **b0.01;
***b0.001; ns=not significant (PN0.05).
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Total RNA was extracted from pooled 25 μm-thick cryostat sections of
the muscle using modified RNeasy mini-protocol for skeletal muscle
(Qiagen) as described in Wittwer et al. [11]. Briefly, the cut tissue was
homogenized in 1 ml of pre-warmed to 45 °C lysis buffer (RLT-buffer
QIAGEN AG, Basel, Switzerland) with a rotor-stator homogenizer (Polytron
PT1200, KINEMATICA AG, Lucerne, Switzerland) for 2 min. After
removal of nondissolved material by centrifugation at 8500×g for 5 min at
room temperature, 120 mAU of Proteinase K (600 mAU/ml ∼20 mg/ml;
QIAGEN) were added, and the proteins were digested for 1.5 h at 45 °C.
After addition of one volume of RLT buffer and one volume of ethanol, the
homogenate was loaded on the midi Qiagen column, washed twice with
buffer RW1, and subjected to DNAse I digestion (RNase free DNase Set,
QIAGEN) on the column. All the following steps were performed according
to the manufacturer's instruction. RNA isolation yield was quantified using
the RiboGreen RNA quantification kit (Molecular Probes, Eugene OR,
USA) while RNA integrity was checked with formaldehyde agarose gel
electrophoresis.2.4. Real time quantitative reverse transcriptase PCR
600 ng of total RNA were reverse-transcribed with the Omniscript Reverse
Transcriptase kit (Qiagen, Basel, Switzerland) using random hexamer primers
(10 μM, Promega Italia), RNAse Inhibitor (20U, Promega Italia) and following
the manufacturer's instructions. Real Time PCR amplification reactions were
performed in triplicate in 30 μl of final volume via SYBRGreen chemistry on an
ABI PRISM 7000 Sequence Detection System (Applied Biosystems). The
primers were designed with the Primer Express software (Applied Biosystems)
and the 28 S rRNA gene amplification was used as reference standard to
normalize target signal. As starting template we used 5 ng and 0.5 ng for target
mRNA and 28 S rRNA reference gene, respectively. The reaction mixture
consisted of SYBR Green PCR Master Mix (1×) and 0.2 μM forward and
reverse primers. After a 10 min activation of Taq polymerase, amplification
proceeded for 40 cycles, each consisting of denaturation at 95 °C for 10 s,
annealing and extension at 60 °C for 1 min for each analyzed transcript (i.e.
COX I, ND6, 16S rRNA, ATP6, PGC-1α, NRF-1, TFAM, CaMKIIβ and
AMPK). Primer sequences are given in Table 1. Negative reverse transcription
products were subjected to the same PCR thermal profile in order to be sure that
any contamination of genomic DNA did not interfere with quantification.
Amplification specificity was controlled by a melting curve analysis and a gel
electrophoresis. The amount of 28 S-standardized target mRNA was evaluated
using the comparative Ct method with the modification that the relative
efficiency of each primer pair was included in the calculation [33].
2.5. Statistics
Data are expressed as mean values±SE. Two-way ANOVAwas performed to
assess statistical significance of the different values observed between experimental
groups. The Tukey post-hoc test was used to account for multiple comparisons.
Association among genes coding for master factors of mitochondrial biogenesis
and mitochondrial transcripts was analysed using a two-tailed Pearson correlation
analysis.
3. Results
Hindlimb suspension unloading is an animal model used to
study hindlimb skeletal muscle disuse atrophy [32]. Four groups
of animals were used in this study to verify whether ALCAR
feeding to control and 14 days unloaded animals was able to elicit
an adaptive transcriptional reprogramming of genes in soleus
muscle. Hindlimb suspension unloading determined a significant
loss (Pb0.001) of about 34% in the muscle-to-body weight ratio
compared to the control group. Such decrease in muscle weight
was similar to that reported in a previous study performedwith the
same unloading facility [17]. ALCAR treatment had no effect on
the muscle-to-body weight ratio both in control and unloaded rats
(data not shown). The content of mitochondrial proteins extracted
from the soleus of the four analyzed groups of animals is reported
in Fig. 1. The mitochondrial protein content is significantly lower
in unloaded than in control group. ALCAR feeding to unloaded
rats fully prevents the unloading-induced decrease of mitochon-
drial protein content. No effect was found in control ALCAR-
treated rats.
Real Time quantitative RT-PCR (qRT-PCR) was used to deter-
mine the effect of ALCAR supplementation to control and un-
loaded animals on the level of several mtDNA transcripts, namely
cytochrome oxydase I (COX I), ATP synthase 6 (ATP6) and 16 S
ribosomal RNA, as representative products of the H-strand tran-
scription, and NADH dehydrogenase 6 (ND6), coded by the L-
strand. Data reported in Fig. 2A show that the expression level of
these mitochondrial transcripts is not significantly affected by
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expression level of about two times both in control and unloaded
animals.
To verify if this upregulation was due to an ALCAR-de-
pendent activation of the upstreammitochondriogenic cascadewe
analyzed the mRNA levels of several factors of the mitochondrial
biogenesis pathway, namely the master factor peroxisome
proliferator-activated receptor gamma coactivator-1 alpha
(PGC-1α), the nuclear respiratory factor (NRF-1) and the
mitochondrial transcription factor A (TFAM) (Fig. 2B). After
14 days of unloading these three genes were down-regulated
although the decrease of the corresponding mRNA levels did
not reach a statistical significance. The ALCAR administration
to control and unloaded animals increased, only in unloaded
animals, more than two times their expression level, suggesting
a stimulation of mitochondrial biogenesis in these animals by
ALCAR treatment.
Finally, the transcript levels of two kinases localized, respectively,
in the metabolic (AMPK) and neuronal (CaMKIIβ) signaling axes
leading to mitochondrial biogenesis in oxidative skeletal muscles [3]Fig. 3. Correlation analysis between PGC-1α mRNA level and factors involved
and unloaded rats (straight regression line). Pearson correlation analysis betwe
(B); NRF-1 (C); TFAM (D). Correlation coefficient (R) and the level of statistical
arbitrary units.were measured. Fig. 2B shows that the transcript levels of these two
genes were significantly downregulated upon unloading. ALCAR
supplementation fully prevented such downregulation in unloaded
animals, whereas it had no effect on control animals.
A correlation analysis was performed to test the coordination
in the transcriptional levels of the genes activated in soleus by AL
CAR feeding to control and unloaded rats. In ALCAR-fed control
animals (Table 2A) a correlation (Pb0.05) has been found only
among some of the analyzed genes, whereas in ALCAR-fed
unloaded animals (Table 2B) a strong correlation (Pb0.01; Pb
0.001) has been found between all the genes activated by ALCAR
feeding but one, namely ND6, which is coded by the less
codogenic mtDNA L strand. Correlation analysis between PGC-
1α expression level and that of the other intermediates of the
mitochondrial biogenesis pathway in control and HS ALCAR-
treated animals is reported in Fig. 3. It shows that the expression of
PGC-1α, a key regulator of mitochondrial gene expression and of
slow-twitch muscle oxidative phenotype [34], strongly correlates
(Pb0.01) with the mRNA content of factors acting both upstream
(CaMKIIβ, AMPK) and downstream (NRF-1, TFAM) thein mitochondrial biogenesis pathway in control rats (dotted regression line)
en 28 S-normalized mRNA levels for PGC-1α and CaMKIIβ (A); AMPK
significance (P) is given beside each regression line. n=7 per group; A.U.=
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unloaded animals. In ALCAR-treated control animals a weak
correlation (P=0.05) has been found only between PGC-1α,
CaMKIIβ and TFAM mRNA level.
4. Discussion
The results reported in this paper highlight several novel as-
pects of skeletal muscle adaptation to unloading conditions and
to nutritional intervention. The first aspect is that the dietary sup-
plementation with an intracellular, conditionally essential metab-
olite [31], like ALCAR, is able to upregulate in soleus of both
control and unloaded 3-month-old rats mtDNA gene expression.
The second one is the downregulation in the soleus of 3-month-old
rats during 14 days of unloading of two important kinases able to
transduce, respectively, chronic energy stress conditions (AMPK)
and neural stimuli (CaMKIIβ) into mitochondrial biogenesis and
expression of respiratory proteins [3,35] .The third one is the ability
of ALCAR, fed to the rats during unloading, to prevent the down-
regulation of the gene expression of these kinases. The last most
important aspect is that ALCAR supplementation is able to induce
only in the soleus of unloaded rats awell-orchestrated expression of
genes involved in the mitochondrial biogenesis pathway.
ALCAR supplementation has been reported to increase AL
CAR content in many tissues such as brain, heart, skeletal
muscle and in the serum of aged rats and mice [29,36,37].
Furthermore, ALCAR has been found to accumulate in type I
muscle fibers during prolonged exercise [38]. Changes in
mitochondrial transcript levels induced by in vivo ALCAR
treatment in soleus of both control and suspended rats might be
due to the so-called “sparker” action of ALCAR, as it is
independent from the loading state of the muscle. This effect
consists in the ALCAR-mediated catalytic promotion of a rapid
oxidation of endogenous fatty acids, “sparked” by the ATP
production generated from the oxidation of acetyl group
released from ALCAR [39]. As a consequence, higher ATP
levels might increase mtDNA expression efficiency or mt
transcripts stability [40], as shown by the upregulation of the
level of mRNAs for the mtDNA-coded subunits of respiratory
chain, COX I, ND6, ATP6 and 16 S rRNA. The positive effect
of ALCAR on mitochondrial mRNAs levels in soleus is in
agreement with our early observations in the brain and heart of
old rats [21].
In ALCAR-treated unloaded rats the upregulation of the
expression of genes involved in mitochondrial biogenesis might
rely on other mechanisms related to the unloading conditions.
Correlation analysis reveals, in fact, a high coordination in the
upregulation of genes involved in mitochondrial biogenesis
only in, ALCAR-treated, suspended animals, where also an
increase of mitochondrial proteins content was verified. These
mechanisms should be linked to the ability of the ALCAR to
prevent the downregulation of the two kinases studied. In fact,
in unloaded rats, the AMP kinase mRNA content is consider-
ably reduced in suspended animals (see Fig. 2B). This could be
explained by the fact that in conditions of muscle disuse the
ATP utilization is remarkably decreased due to the reduced
contraction of myofibrils. This would cause the decrease of theAMP/ATP ratio with the consequent inactivation of AMPK and
downregulation of its gene expression. ALCAR administration
to unloaded rats fully prevents the HS-dependent downregula-
tion of AMPK, thus indicating ATP utilization, probably needed
to support energy-requiring processes, such as protein synthesis
or myofibrils contraction and repolarization of the muscle cell
membrane. In the same groups of animals, in fact, one of us found
a decrease in cross sectional area (CSA) of type I and type IIA
fibers in unloaded rats whichwas prevented byALCAR treatment
(V. Pesce, personal communication). The AMPK-induced
promotion of mitochondrial biogenesis may occur via activation
of NRF-1 as indicated by the recent finding that chronic activation
of AMPK due to exercise training [41] induces NRF-1 activation.
In addition the ALCAR ability to prevent the downregulation of
AMPK transcript in unloaded animals may influence the
mitochondrial oxidative capacity through other mechanisms. It
is well known that AMPK is able to phosphorylate and then to
inactivate acetyl CoA carboxylase [42]. This would limit the
synthesis of malonyl CoA, a well-known inhibitor of carnitine
palmitoyl transferase I, CPT-1, opening the way for the
mitochondrial utilization of fatty acids, whose uptake in
mitochondria is mediated by CPT-1.
As far as CaMKIIβ gene expression, ALCAR feeding to
unloaded rats prevents its unloading-induced downregulation.
This gene codes for a kinase, modulated by Ca+2 and
calmodulin that, via the same signaling pathway involving
PGC-1α, NRF-1 and TFAM, regulates the mitochondrial
biogenesis [43]. Here also the ability of ALCAR to prevent
the downregulation of factors involved in neuronal stimuli may
explain the activation of the mitochondriogenic cascade leading
to the enhanced content of mitochondrial proteins verified in
unloaded, ALCAR treated, animals.
In conclusion our findings show that the administration of
ALCAR has a positive effect on soleus muscle of unloaded rats
by inducing a coordinated transcriptional program of genes
involved in the mitochondrial biogenesis pathway and by
preventing the unloading-induced loss of mitochondrial pro-
teins. The coordinated upregulation of gene products encoded
by both nuclear and mitochondrial genomes, elicited by
ALCAR treatment in unloaded animals, resembles responses
to chronic motor nerve stimulation through CaMKII or exercise
training through AMPK. This means that ALCAR can mimic in
unloaded soleus the neuronal and metabolic stimuli that physio-
logically reach the muscle in normal loading conditions preventing
the loss of mitochondrial proteins. An increase of TFAM protein
content has been already found by us in soleus muscle of old rats
treated with ALCAR [30]. Assuming that changes in transcript
levels here reported would reflect similar changes in corresponding
proteins, our data might explain, at transcriptional level, the
improvement of the overall mitochondrial function and the
ambulatory activity already described by other authors [44,29].
Although the intermediate events transducing the ALCAR
stimulation into the observed transcriptional response remain to
be defined, the results here reported might provide a valid
contribution to the nutrigenomic field [45,46] for the application of
dietary intervention in the maintenance of skeletal muscle function
and oxidative metabolism.
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